Purpose: To compare the efficacy of subthreshold micropulse yellow laser (SMYL) and intravitreal aflibercept injection (IAI) combination therapy with IAI monotherapy in the treatment of diabetic macular edema (DME) and to evaluate the number of injections and SMYL sessions required. Methods: This prospective study compared a group of 28 patients treated with a combination of SMYL and IAI with a group of 28 patients treated only with IAI. All patients initially received 3 monthly IAIs, and the monotherapy group was given additional injections as needed. The combination therapy patients additionally received SMYL after the loading phase. The primary outcome measures were the change in the best-corrected visual acuity (BCVA) and central macular thickness (CMT) from baseline to month 12; the secondary outcomes were the mean number of required injections and SMYL sessions. Results: In the monotherapy group, the BCVA improved from 0.38 ± 0.10 to 0.20 ± 0.10 logMAR; in the combination group, BCVA improved from 0.40 ± 0.09 to 0.17 ± 0.06 logMAR at the end of the 12 th month. The CMT was reduced from 451.28 ± 44.85 to 328.8 ± 49.69 µm in the monotherapy group and from 466.07 ± 71.79 to 312.0 ± 39.29 µm in the combination group. Improvement of the mean BCVA and reduction of the mean CMT were similar in each group. The combination group required significantly fewer injections (3.21 ± 0.41 vs 5.39 ± 1.54; P < 0.001). By month 12, 75% of patients in the monotherapy group had required additional IAIs when compared with 16% in the combination group (P < 0.001). Conclusion: SMYL combination therapy demonstrated significant visual improvements in patients with DME. In the combination group, the retreatment rate and number of required injections were significantly lower compared with the IAI monotherapy group.
Diabetic retinopathy and its associated conditions, such as diabetic macular edema (DME), are serious diabetes mellitus (DM) complications. They are the leading causes of blindness and visual disability in working-age adults. Approximately 50% of persons with type 2 DM may develop retinopathy, while 25% of people with DM go on to exhibit DME. [1] Although intravitreal pharmacotherapies have significantly improved the treatment of DME over the past decade, retinal nondamaging laser technologies have begun to change the management of DME. Anti-vascular endothelial growth factor (VEGF) monotherapy is the standard of care for patients with DME in high-resource settings due to its rapid and prominent effects on vision improvement; these effects have been supported in several multicentre, randomized trials. [2, 3] Some trials have also documented that frequent intravitreal injections, such as 7-12 in the first year and slightly fewer in subsequent years, are needed to achieve and maintain visual improvement in these patients. [4, 5] Despite intensive anti-VEGF therapy, there is still a significant role for conventional macular thermal laser (CMTL) therapy in most studies. CMTL was applied in more than 30% of eyes with center-involving DME, receiving ranibizumab (RNB) every 4 weeks in the 24-month RISE and RIDE phase 3 trial. [6] It is known that CMLT causes visible laser scars that can lead to several complications over the long-term, such as subretinal fibrosis, choroidal neovascularization, and vision field sensitivity deterioration. [7] However, advances in laser technology have led to the development of selective treatment without chorioretinal damage. Friberg and Karatza first reported the clinical application of 810-nm diode micropulse laser therapy for DME. [8] Several clinical studies have since demonstrated the efficacy of this method using different wavelength subthreshold laser treatments in DME. [9, 10] However, there are several treatment strategies concerning prompt versus deferred macular laser treatment, some of which can be combined with anti-VEGF treatment. [6, 11] As shown in DRCR.net's Protocol T, when the initial best-corrected visual acuity (BCVA) score was worse than 20/50, improvement of the BCVA in the intravitreal Volume 68 Issue 1 aflibercept injection (IAI) group was significantly higher than that seen in the ranibizumab and bevacizumab injection groups. Because of this result, we preferred aflibercept as an anti-VEGF agent for this study. [12] The 577-nm yellow laser light provides maximum absorption by both oxyhaemoglobin and melanin. [13] This leads to energy being concentrated in a smaller volume, which in turn allows for a reduction in power and a shortened pulse duration. It also has negligible xanthophyll absorption, which allows more secure treatment close to the fovea. In this study, we compared the efficacy of a combination therapy regimen [three IAIs followed by subthreshold micropulse yellow laser (SMYL)] compared with IAI monotherapy, as well as the retreatment rate, overall injection burden, and safety profile).
Methods
This study was a 12-month, prospective comparison of 56 patients with center-involving DME conducted at the Departments of Ophthalmology, Fatih Sultan Mehmet Training and Research Hospital and Lutfi Kirdar Training and Research Hospital. The patients either randomly received a combination treatment consisting of IAI plus SMYL or IAI monotherapy as two coexisting standard treatments [ Fig. 1 ]. All patients were native, and they had no medical history for treatment of DME. Consecutive patients with DME were randomly allocated to one of the two groups by a parallel assignment (1:1). The allocation codes were generated by a web-based module and were stratified according to the clinical center with a permuted block method with randomly chosen block sizes.
The study was conducted in accordance with the Declaration of Helsinki. Approval was obtained from the Institutional Review Board, and written informed consent was provided by each patient.
Patients affected by DME who were observed between April 2015 and November 2017 were prospectively enrolled. The inclusion criteria for all participants were as follows: (1) a minimum age of 18 years and a prior diagnosis of type 2 DM with central (foveal) involving DME; (2) BCVA ranging from 0.9 to 0.2 (Snellen); (3) central macular thickness (CMT) of at least 300 µm (with foveal involvement), measured by spectral domain optical coherence tomography (SD-OCT) (Nikon RS-3000, Japan); (4) no ischemic maculopathy seen in fluorescein angiography (FA); (5) no proliferative diabetic retinopathy or macular edema due to other underlying retinal vascular disease, vitreomacular traction, or epiretinal membranes. Subfoveal choroidal thickness (SFCT), duration time of DM (time of the diagnosis of DM), and hemoglobin A1C (HbA1c) levels were noted for all patients.
All participants underwent a baseline examination including BCVA, slit-lamp examination, dilated fundoscopy, SD-OCT, and FA. We evaluated the BCVA and SD-OCT parameters at every monthly visit. BCVA was assessed with Snellen charts and converted to logarithm of the minimum angle of resolution (logMAR) units for statistical analysis. The SFCT measurements were performed using enhanced depth imaging mode. After eligibility was confirmed, all participants then received 2-mg IAIs at 1-month intervals as loading-phase therapy.
SMYL combination therapy group
SMYL therapy was performed 1 month after the three loading-phase injections if CMT had decreased to 450 µm or below. Otherwise, eyes that did not reach less than 450 µm thickness had one or more IAI and SMYL applied 4 weeks after. All treatments were provided with the 577-nm yellow laser system (Supra 577Y Subliminal Laser System, Quantel Medical, Clermont-Ferrand, France) using an Area-Centralis lens (Volk Optical, Mentor, OH, USA), and the micropulse laser power used by the SMYL was derived for each eye based on a test burn. The test burn was performed with a 577-nm yellow laser in micropulse mode using a 160-µm spot diameter with a 5% duty cycle and a 20-ms duration outside the vascular arcade, with the power titrated from 50 mW upward until a burn became slightly visible. The SMYL was then performed contiguously on the macular area using the same spot size by reducing the laser to half the power of the test burn. SMYL was applied for each treatment to easily deliver over the area of increased retinal thickness according to SD-OCT. The number of spots varied according to the extension of DME. After the first SMYL application, the patients were followed according to the pro re nata (PRN) protocol. Patients who have increase of at least 20% CMT values and/or 1 line decreased at BCVA after the SMYL treatment, the laser procedure was repeated 2 months after any SMYL session. SMYL therapy was paused if the patients demonstrated stable BCVA and CMT on three consecutive visits or if the BCVA reached 1.0 line or the DME was resolved (CMT <300 µm). All SMYL applications were performed by two ophthalmologists (AA and HSK).
IAI monotherapy group
The patients were initially treated with three IAIs at 1-month intervals. After the "loading phase," injections were delivered PRN. According to the PRN protocol, injection therapy was paused after the loading phase for patients who demonstrated the same characteristics as those in the combination therapy group. IAIs were resumed if there was a reduction of more than one line in the BCVA compared with the baseline BCVA or if a CMT increase of at least 20% was observed. Retreatment was continued until the BCVA and CMT were again stable for at least three consecutive visits.
Statistical analyses
All analyses were performed using SPSS software version 22 (Chicago, IL, USA). In evaluations of BCVA and CMT, the changes from baseline and differences between groups during the study period were analyzed using two-way repeated-measures analysis of variance and post hoc Dunnett's correction. Paired t-tests or Mann-Whitney U-test was used for continuous variables. For categorical analysis, Chi-square or Fisher's exact tests were adopted. P value <0.05 was judged as statistically significant.
Results
In total, 56 patients were included in this prospective comparison study; 28 patients received IAI monotherapy, whereas the other 28 received SMYL combination therapy. The demographic data and baseline characteristics for the study patients are shown in Table 1 . Among all subjects, diabetic retinopathy was classified as mild or moderate nonproliferative retinopathy in 40 out of 56 eyes (71.42%) and as severe nonproliferative retinopathy in 16 out of 56 eyes (28.58%). No significant differences between groups were found for the mean age, gender, preoperative HbA1c level, or diabetic retinopathy severity at baseline. BCVA in the monotherapy group had improved to 0.64 ± 0.13, and in the combination group it improved to 0.68 ± 0.10. While there was a trend toward a better mean BCVA outcome in the combination therapy group, this difference did not reach statistical significance (P = 0.22).
The changes in the CMT were similar to the noted BCVA improvements. The mean CMT was reduced to 387.92 ± 47.71 µm in the monotherapy group and 377.3 ± 45.61 µm in the combination group at the sixth month (P = 0.4). By month 12, the mean CMT was 328.8 ± 49.69 µm in the monotherapy group and 312.0 ± 39.29 µm in the combination group, and the differences between the two groups were not statistically significant (P = 0.16). Fig. 1a and b shows the median, interquartile range, and variability in the data across time points.
The mean baseline SFCT was 256.7 ± 63.59 µm in the monotherapy group and 262.75 ± 61.17 µm in the combination group (P = 0.55). No significant change in the SFCT was
Anatomic and functional changes
The mean baseline CMT values were 451.28 ± 44.85 and 466.07 ± 71.79 µm for the monotherapy and combination groups, respectively (P = 0.35). The mean baseline BCVA values were 0.41 ± 0.11 and 0.39 ± 0.09 respectively (P = 0.45).
One month after the loading phase, the BCVA had improved to 0.48 ± 0.08 in the monotherapy group, while it was 0.46 ± 0.09 in the combination group. Both groups reached commensurate and significant BCVA improvements (P = 0.47). The mean CMT decreased to 411.21 ± 24.46 µm in the monotherapy group and 408.34 ± 20.56 µm in the combination group (P = 0.77). Three patients required one more injection after the three loading injections in the combination group.
At the sixth-month visits, the BCVA improvements were sustained; the BCVA was 0.56 ± 0.12 in the monotherapy group and 0.58 ± 0.11 in the combination group. These differences were not statistically significant (P = 0.41). By month 12, the Table 2 shows the BCVA, CMT, and SFCT changes for both groups from the initial assessment to the end of the 12 th month.
Requirement of retreatment rates
By the end of the 12 th month, 21 of 28 patients (75%) in the monotherapy group required additional IAI. The mean number of injections (including three loading-phase injections) was 5.39 ± 1.54. Of 28 eyes treated with SMYL, 13 eyes (46.4%) were treated twice, 4 eyes (14.2%) were treated three times, and 11 (39.6%) eyes were treated once. Only three patients in the combination group required additional IAI during the follow-up period.
Overall, the subjects received an average of 4.30 ± 1.57 IAIs over 12 months. The mean number of injections required was 3.21 ± 0.41 in the combination group and 5.39 ± 1.54 in the monotherapy group (P < 0.001). At the end of the study, the combination group required significantly fewer IAIs than the monotherapy group. Specifically, 84% of the combination group needed no further IAIs, while 75% of the monotherapy group required additional IAIs (P < 0.001). Fig. 2 , which is a CONSORT diagram, shows the workflow used during the study.
Discussion
The prevalence of DME and visual losses due to DME are expected to increase substantially. [14] Untreated, clinically significant DME can lead to a 3-year, 32% risk of moderate visual loss, resulting in both individual disability and socioeconomic costs. [15] Intravitreal anti-VEGF therapies have evolved substantially over the past decade to become the standard of care in DME. [16] Many studies have pointed out that the number of intravitreal injections required in a year can range from 7 to 12. [11, 17, 18] This frequently used procedure has disadvantages as well as anatomical and functional advantages.
We compared the efficacy of IAI monotherapy with a combination therapy regimen (three IAIs followed by SMYL). Both groups achieved significant visual gains attributable to the PRN therapy. The final BCVA values in the combination group were trending higher (0.68 ± 0.10) and were noninferior to the monotherapy gains (0.64 ± 0.13). The combination therapy patients had a significantly lower additional IAI rate with 75% of patients needing no further IAI after the loading phase, compared with just 16% in the monotherapy group. Therefore, adding SMYL treatment after IAI loading appeared to reduce the injection burden considerably without compromising anti-VEGF visual gains. We found that the efficacy of treatment modalities as assessed at the 12-month follow-up were not significantly different between groups.
A few similar studies have used SMYL or navigated laser photocoagulation to compare anti-VEGF monotherapy and combination therapy. Liegl et al. compared combination therapy with navigated laser photocoagulation and monotherapy with ranibizumab after a PRN regimen, and they found similar visual gains but a lower retreatment rate and a smaller number of injections in the combination group. [19] Moisseiev et al. revealed that SMYL treatments were safe and effective for DME and reduced the burden of ranibizumab injections, especially in patients with CMT under 400 µm. [20] They suggested their own treatment approach that should ideally be used in the early stages of DME. However, in their study, there were significant differences between the baseline BCVA and CMT in the laser and control groups. Another investigation found that combining an intravitreal dexamethasone implant with SMYL was safe and effective for anti-VEGF-resistant DME; however, that study had no control group for the group with a dexamethasone implant without SMYL treatment, which would be necessary to show an additive effect of the micropulse treatment to the dexamethasone implant. [21] A recent study indicated that SMYL provides a statistically significant improvement in BCVA and a reduction in CMT in mild DME with low central foveal thickness. [22] According to some investigations, SMYL might be an option for patients who do not respond sufficiently to, or who are not able to follow, anti-VEGF therapy due to its high costs or who experience compliance problems because of the frequent visits required for the injections and ophthalmological controls. [23] There are also some completed large-population and recruited studies that compare the efficacy of a combination of anti-VEGF agents and CMTL therapy for DME. VIVID and VISTA studies demonstrated sustained anatomical and functional benefits with IAIs compared with the CMTL control arm over 2 years. [11] There are few studies combining subthreshold laser stimulation such as ReCall study (ClinicalTrials.gov Identifier: NCT02059772). Unlike CMTL, subthreshold micropulse laser treatment is a nondamaging procedure, and this modality divides a continuous stream of laser into a number of short bursts separated by pauses (off time). [24, 25] According to the selected duty cycle, the laser stays on only 5%-15% of the time, thus generating less heat with subsequent less damage to the retina than continuous-wave photocoagulation. [26] The 577 nm SMYL has the advantage that xanthophyll, the pigment located in the inner and outer plexiform layers of the macula, absorbs the yellow light poorly, so treatment near the fovea is relatively safe. [27] SMYL is designed to target the retina pigment epithelium while minimizing the negative thermal effects on the neural retina and deeper structures. One of the recent study supported that SMYL did not result in measurable structural damage to the underlying photoreceptor layer. [28] This modality is termed "photostimulation," as opposed to "photocoagulation." [29] Studies conducted to understand cellular responses to subtreshold, sublethal hypertermia showed a significant increase in Heat Shock Protein (HSP) transcription. HSPs are a group of ubiquitous, well-described proteins that are expressed in response to cellular stress. [30] Acting as chaperone proteins, HSPs can assist in the refolding of denaturated proteins and inhibit inappropriate protein aggregation. In addition, HSPs interact with and stabilize the cytoskeleton and help maintain the cellular structure. The HSP70 in particular is known to be expressed in conditions of thermal, ischemic, and oxidative stress. Moreover, HSPs have activity against apoptotic pathways and inflammation. [31] There are concerns that treatment with anti-VEGF agents could potentially increase the risk of serious systemic and ocular adverse events. [32] Endophthalmitis, tractional-rhegmatogenous retinal detachment, ocular inflammation, and thromboembolic side effects sometimes occur after the intravitreal anti-VEGF injections. [33, 34] A recent study indicated that patients with diabetes may be at higher risk of adverse events compared with nondiabetic individuals, given frequent systemic comorbities, such as cardiovascular, renal disease, and increased susceptibility to infection. [32] Systemically delivered anti-VEGF drugs are recognized to reduce vascular hyperpermeability, raise systemic arterial blood pressure, and promote tromboembolic events. [35] Furthermore, preclinical findings demonstrated that a decoy VEGF receptor promotes left ventricular dilatation and contractile dysfunction by means of transver aortic constraction. [36] Our combination group required few anti-VEGF injections which was statistically significant. Therefore, during the long-term follow-up of chronic entity, repeateble nondamaging lasers could be an effective and a safe application to reduce possible systemic side effects.
The major limitations of this study were that there was no SMYL treatment group that did not undergo the IAI loading phase, and all SMYL treatment applied after the CMT was below 450 µm. Our personal experience data correlated with the literature's stance that micropulse laser treatment is more significantly effective in patients whose initial CMT is under 450 µm. [37] [38] [39] Another restriction of our study was that it did not reveal a pure SMYL effect without any anti-VEGF treatment. However, this study did suggest a compelling benefit of adding SMYL to anti-VEGF therapy, and this finding must be confirmed by larger multicenter, randomized controlled trials.
Conclusion
In conclusion, the combination therapy of IAI in a PRN regimen with SMYL was effective in the treatment of DME, and this combination may significantly reduce the number of IAI injections required to sustain the resolution of foveal edema in DME.
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Commentary: Subthreshold micropulse yellow laser in diabetic macular edema
Lasers in retina have been long used and proved to be efficacious. However, the conventional continuous-wave laser, used for photocoagulation, is known to cause severe retinal damage, mainly (scotomas and loss of color vision). To minimize the collateral damage and thereby maintaining the efficacy of the laser, the subthreshold micropulse laser has been extensively studied over the last two decades, especially for macular disorders. Using this, now it is possible to deliver laser therapy, which meets threshold biochemical effects while being well below the visible destructive retinal lesion. [1] Yellow wavelengths are only minimally absorbed by macular xanthophylls while being well absorbed by melanin and hemoglobin. A wavelength of 577 nm has been found to cause least scatter as compared to green 532 nm and yellow 561/568 nm wavelengths, allowing higher energy concentration and low power usage. [2] In addition, 577 nm also has the highest oxyhemoglobin to melanin absorption ratio, making it most effective for vascular structures. [3] Micropulse, largely implies that the laser energy reaches only a small fraction of time, being interspaced with relaxation or off time. This fraction and on-off period are called the duty cycle. The longer the off time, lesser is the laser energy used, lower is the duty cycle, which has lesser tissue heat and damage. The subthreshold level of laser has been studied to have various therapeutic effects which include vascular endothelial growth factor (VEGF) down-regulation, stimulation of protective cytokines by the RPE, as well as Heat Shock Protein (HSP) activation. [4] The HSP is important for repair of RPE function, retinal auto-regulation, and immunomodulation.
For delivering the micropulse laser, typically, focal test burns are applied, starting at low power until the spots are barely visible. After which, the power is reduced by 50 to 70% to obtain the "subthreshold" power, which has been found to be the balance between therapeutic effect, while avoiding retinal scarring. Confluent spots are applied, guided by the optical coherence tomography (OCT) thickness. [2] One of the limitations, however, is the absence of a visible endpoint, and perceived concern of under treatment.
Optical coherence tomography angiography (OCTA) has been helpful in understanding the mechanism of action of subthreshold micropulse laser in DME. In a study, evaluating changes in the retinal vasculature, using OCTA, following subthreshold micropulse laser, there were more pronounced changes in the DCP, with a decrease in the foveal avascular zone and area of the cysts. [5] While reviewing the efficacy, specifically for DME, studies indicate that subthreshold micropulse yellow laser does have a statistically significant improvement in best-corrected visual acuity (BCVA), and a reduction in central foveal thickness (CFT), especially in eyes with pretreatment CFT less than 300 µm. [6] In addition, both yellow and infrared diode subthreshold micropulse lasers have been found to be equally efficacious and safe with the lowest duty cycle (5%). When comparing the
